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Caenorhabditis elegans is currently introduced as a new, facile, and cheap model organism to study the
pathogenesis of gram-negative bacteria such as Pseudomonas aeruginosa and Salmonella enterica serovar Ty-
phimurium. The mechanisms of killing involve either diffusible exotoxins or infection-like processes. Recently,
it was shown that also some gram-positive bacteria kill C. elegans, although the precise mechanisms of killing
remained open. We examined C. elegans as a pathogenesis model for the gram-positive bacterium Streptococcus
pyogenes, a major human pathogen capable of causing a wide spectrum of diseases. We demonstrate that S.
pyogenes kills C. elegans, both on solid and in liquid medium. Unlike P. aeruginosa and S. enterica serovar
Typhimurium, the killing by S. pyogenes is solely mediated by hydrogen peroxide. Killing required live
streptococci; the killing capacity depends on the amount of hydrogen peroxide produced, and killing can be
inhibited by catalase. Major exotoxins of S. pyogenes are not involved in the killing process as confirmed by
using specific toxin inhibitors and knockout mutants. Moreover, no accumulation of S. pyogenes in C. elegans
is observed, which excludes the involvement of infection-like processes. Preliminary results show that S.
pneumoniae can also kill C. elegans by hydrogen peroxide production. Hydrogen peroxide-mediated killing
might represent a common mechanism by which gram-positive, catalase-negative pathogens kill C. elegans.

Streptococcus pyogenes is a major human pathogen, causing a
wide spectrum of pyogenic infections such as tonsillitis, phar-
yngitis, scarlet fever, and skin inflammation. The organism can
also invade tissues and cells and cause life-threatening diseases
such as necrotizing fasciitis and toxic shock syndrome. Un-
treated infections can lead to serious postinfection complica-
tions in the form of rheumatic heart disease and glomerulone-
phritis in predisposed individuals (22). The pathogenesis of
streptococci is so complex that the infections caused by these
organisms and their sequelae have not been completely under-
stood. Bacterial factors, host factors, and an abnormal immune
response determine the outcome of the infection. One of the
difficulties in understanding the streptococcus-host interaction
is the lack of a suitable animal model. Recently a mouse model
of invasive streptococcal infections has been developed (16),
but there remains a great need for new animal models to
understand streptococcal pathogenesis.

Ausubel and coworkers have introduced Caenorhabditis el-
egans as a new, facile, and cheap model organism to study the
pathogenesis of the gram-negative bacteria Pseudomonas
aeruginosa (5, 15, 23–25, 27) and Salmonella enterica serovar
Typhimurium (1, 2, 13), and Garsin et al. showed that the
gram-positive bacteria Enterococcus faecalis and Streptococcus
pneumoniae kill C. elegans (8). Hodgkin et al. demonstrated
that the genetically amenable nematode C. elegans is ideally
suited to identify host factors (12).

We examined C. elegans as a pathogenesis model for S.
pyogenes. We show that S. pyogenes kills C. elegans, both on

plates and in culture medium. Killing is exclusively mediated
by hydrogen peroxide. Preliminary results indicate that the
same mechanism of killing is used by S. pneumoniae. These
data imply that besides infection-like processes and diffusible
proteins, hydrogen peroxide release might be a third common
mechanism by which bacteria can kill C. elegans.

MATERIALS AND METHODS

The general methods for handling C. elegans are described in reference 26, and
those for S. pyogenes are described in reference 4.

Strains. Killing assays were performed with C. elegans N2 (Bristol) or glp-1
(e2144), a temperature-sensitive mutant strain that grows permissively at 15°C
but produces no progeny at 25°C (18). S. pyogenes strains used in this study are
depicted in Table 1. A streptococcal pyrogenic exotoxin B (SPE-B)-negative S.
pyogenes mutant 1579 was derived from strain 634 (M49 CS101) (14, 21), and a
streptolysin O (SLO)-negative mutant A468 (T17) was derived from strain 3413
(M1 38541) (20). As control strains E. faecalis (H1A, Minneapolis), Staphylo-
coccus aureus (SA1, H Mi 1, Giessen), and Escherichia coli OP50 were used.

C. elegans killing assays. (i) Solid assay. The solid assay was adapted from the
plate assay described by Tan et al. (24). An overnight culture of bacteria in
Todd-Hewitt Broth supplemented with 0.5% yeast extract (THY) was placed
(100 �l) on 35-mm-diameter nematode growth medium agar plates. The plates
were incubated aerobically at room temperature (on the work bench) for 24 h, to
enable bacterial toxins to diffuse through the plate. C. elegans nematodes were
bleached to obtain sterile eggs by standard methods (26), and approximately 200
eggs were added to each plate. Plates were incubated at 25°C, and the viability
of the nematodes was scored every 24 h. Worms were considered dead when they
showed no detectable response upon firmly tapping the plate on the microscope
platform.

(ii) Liquid assay. From a bacterial overnight culture in THY a 1:25-diluted
culture was started and grown to early log phase (optical density at 660 nm
between 0.2 and 0.3). Bacteria were washed and taken up in THY, diluted 1:4 in
M9. Since OP50 grown in rich medium can be lethal to worms (8), it is necessary
to dilute the THY medium. Cultures were transferred to 24-well plates, and 200
sterile L1 larvae, obtained from bleached eggs, were added. Plates were incu-
bated at 25°C under shaking (150 rpm [orbital shaker]), and the viability of
worms was scored at different time points.

(iii) Hydrogen peroxide production assay. Hydrogen peroxide production was
measured as described in reference 17. Bacterial cultures taken from wells with
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and without worms were diluted 2:5 in M9 and filtered through 0.2-�m-pore-size
membranes. Immediately prior to the assay, phenol red and horseradish perox-
idase were added to peroxidase buffer (5.0 mM K2HPO4, 1.0 mM KH2PO4, 140
mM NaCl, 0.5 mM glucose; pH 7,4) at final concentrations of 0.46 mM and 0.046
U/ml, respectively. Aliquots of filtered supernatant were added to the assay
mixture at a ratio of 1 to 4 and incubated for 30 min at 37°C in duplicate. After
the reactions were stopped by the addition of NaOH (4 mM final concentration),
the absorbance was recorded at a wavelength of 610 nm. Concentrations were
calculated in comparison to a standard curve with known amounts of hydrogen
peroxide added to control supernatant from wells containing catalase, which had
been heated to 100°C for 20 min to eliminate catalase activity.

Statistical analysis. Killing of nematodes with and without addition of catalase
was analyzed by the Mann-Whitney test (Prism software). Correlation between
hydrogen peroxide production and the killing capacity in different bacterial
strains was assessed by Pearson linear regression analysis (Prism software).

RESULTS

S. pyogenes kills C. elegans nematodes on plates and in cul-
ture medium. Since our killing assays extended over the gen-
eration time of C. elegans (2.7 days at 25°C) and new progeny
would interfere with a quantitative evaluation of the experi-
ments, we prevented the reproduction of the worms in our
experiments using the conditionally sterile mutant (e2144) with
a mutation in the Notch receptor glp-1 of the worm. This
mutation specifically prevents the propagation of the germ
cells (18). Initially, wild-type and mutant nematodes were eval-
uated in parallel in the solid and liquid killing assays. Since
both worm strains gave similar killing patterns (data not
shown), all subsequent experiments were performed with the
e2144 mutant strain.

S. pyogenes strains (n � 24) were tested for their capability to
kill C. elegans larvae in the solid assay. Thirty-eight percent of

S. pyogenes strains tested (n � 9) killed C. elegans larvae within
24 h, whereas the other 62% (n � 15) showed delayed and/or
incomplete killing (Table 1). E. faecalis, S. aureus, and E. coli
OP50 did not kill (Fig. 1) within the time interval measured (5
days). However, some variation in killing occurred depending
on the uniformity of the bacterial lawn and mobility of the
worms. Therefore, a second setup was developed (liquid assay)
in which worms were added to bacterial cultures. Killing was
more pronounced in the liquid assay. All S. pyogenes strains
killed C. elegans within 24 h in the liquid set up (Fig. 2). L1
larvae and adult nematodes gave similar killing patterns (e.g.,
strain A296 killed 100% � 0% [mean � standard deviation
{SD}; n � 2] of C. elegans adults and 100% � 0% larvae in the
liquid assay at 24 h). In all further experiments, killing results
from the liquid assay were confirmed by using the solid assay.

Killing of C. elegans by S. pyogenes is caused by neither
infection-like processes nor streptococcal exotoxins SPE-B

FIG. 1. S. pyogenes kills C. elegans in the solid assay. Nematodes
were fed on a representative set of S. pyogenes strains from Table 1:
A40, A153, A296, A306, or M1. E. faecalis, S. aureus, and E. coli OP50
were used as control strains. S. pyogenes strains A153 and A296 killed
all nematodes within 24 h, whereas A40, M1, and A306 showed inter-
mediate or poor killing. Similar results were obtained in 10 indepen-
dent experiments for a total of 24 different S. pyogenes strains, of which
9 strains killed within 24 h and 15 strains induced various degrees of
killing in between 1 and 5 days (Table 1).

FIG. 2. S. pyogenes kills C. elegans in the liquid assay. C. elegans
nematodes were incubated in cultures of S. pyogenes strains A40, A153,
A296, A306, or M1 or E. faecalis, S. aureus, or E. coli OP50. The
experiment was performed in duplicate (results are presented as
means � SD [error bars]) and is representative of three independent
experiments. All S. pyogenes strains tested in the liquid assay killed C.
elegans within 24 h.

TABLE 1. S. pyogenes strain source and killing capacity
in the solid assay

Strain Code Source Killing in
solid assaya

A20 DSM 2071 Giessen, Germany �
A21 DSM 2072 Giessen, Germany �
A23 DSM 2074 Giessen, Germany �
A29 BS 06 Braunschweig, Germany �
A40 BS 20 Braunschweig, Germany �
A115 PR-791 Minneapolis, Minn. �
A153 BSB 19 Australia �
A154 DRY 6 Australia �
A158 NS 342 Australia �
A162 NS 345 Australia �
A171 NS 297 Australia �
A194 NS 300 Australia �
A195 NS 343 Australia �
A198 NS 727 Australia �
A216 CK 470 Australia �
A241 #273 Australia �
A248 NS 226 Australia �
A249 NS 210 Australia �
A294 Xy 283 Hannover, Germany �
A296 Xy 395 Hannover, Germany �
A302, M1 SF 370 Reference strain �
A306 NS 244 Australia �
A467 M1-38541 Jena, Germany �
A468 SLO mutant T17 Jena, Germany �

a Since killing efficiency of intermediate killing strains varied between exper-
iments, strains are subdivided into good versus intermediate killers, rather than
presenting actual percentages of killing. Symbols: �, strain killed 100% of worms
within 24 h; �, strain caused delayed and/or incomplete killing.
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and SLO. The killing of C. elegans required live bacteria, since
heat-inactivated strains and antibiotic-treated strains did not
kill in the liquid assay (Fig. 3A). To test whether killing is
caused by infection-like processes or diffusible toxins, the
worms were separated from streptococci by 0.4-�m-pore-size
membranes, which did not interfere with the killing (Fig. 3A).
Absence of bacteria in the worm compartment was confirmed
by plating. Confocal microscopy confirmed the noninfectious

killing of C. elegans by S. pyogenes. In contrast to E. faecalis,
fluorescence-labeled S. pyogenes strains (Alexa; Molecular
Probes) did not accumulate in the nematode intestines (Fig.
3B). Labeling did not interfere with the killing capacities of the
strains (unlabeled and labeled S. pyogenes [strain A306] both
killed 100% � 0% [mean � SD; n � 2] of the worms after,
respectively, 6 and 9 h in the liquid assay).

SPE-B and SLO are the major exotoxins of S. pyogenes.

FIG. 3. Killing of C. elegans by S. pyogenes requires live bacteria and is a noninfectious process. (A) A153, A216, and A306 killed in the liquid
assay after 24 h under normal conditions (shaded bars), and killing was retained when nematodes were separated from bacteria by 0.4-�m-pore-size
membranes (striped bars). In contrast, killing was abolished when bacteria were killed by heat (1 h, 90°C) (open bars) or penicillin (50 IU/ml; Gibco
BRL) (solid bars). Killing was confirmed by plating (data not shown). Values represent the average of two independent experiments in duplicate.
(B) C. elegans intestines were colonized by fluorescence-labeled (15 min at 4°C) (0.1 mg/ml; Alexa; Molecular Probes) E. faecalis (left panel) but
not S. pyogenes (strain A306) (right panel) after 0, 2, 4, 8, or 24 h of incubation in the liquid assay. Results are shown for 4 h.
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SPE-B is a cysteine proteinase, and SLO is a pore-forming
agent binding to immunoglobulin G (IgG) and cholesterol (9).
Their contribution to the killing of C. elegans was tested with S.
pyogenes exotoxin inhibitors immunoglobulin G (100 �M),
Evan’s blue (50 �M), and cholesterol (200 �g/ml) and the
cysteine proteinase inhibitor cystatin (200 �g/ml) (all inhibitors
were from Sigma-Aldrich) (9) These inhibitors did not affect
killing of C. elegans, which excludes the involvement of rele-
vant exotoxins. (e.g., strain M1 killed 100% � 0% [mean �
SD; n � 2] of the worms with and without inhibitors at 24 h in
the liquid assay). These results were confirmed by unaltered
killing abilities of an SLO-negative mutant and a SPE-B neg-
ative mutant compared to the wild-type strains (Fig. 4).

Killing of C. elegans by S. pyogenes is caused by hydrogen
peroxide production. The assays (liquid and solid) were run
under aerobic conditions required for the growth of the nem-
atode. Under these conditions streptococci can produce reac-
tive oxygen species such as hydrogen peroxide. Therefore, we
subsequently examined the role of reactive oxygen species in
the killing process. Rescue of worms was analyzed with super-
oxide dismutase and catalase, two enzymes that detoxify the
reactive compounds superoxide and hydrogen peroxide, re-
spectively. Catalase, but not superoxide dismutase, fully pre-
vented killing of worms (P � 0.0079; Table 2). C. elegans was
found to be very sensitive to hydrogen peroxide exposure: 50%
of the nematodes were killed after 4 h of incubation in 1 mM
hydrogen peroxide (Fig. 5). Killing of C. elegans by S. pyogenes
was paralleled by the accumulation of hydrogen peroxide, mea-
sured in control wells without worms (Table 2). There was a
highly significant correlation between hydrogen peroxide pro-
duction and the killing capacity in different bacterial strains
(r2�0.77; n � 30; P � 0.0001; Pearson linear regression anal-
ysis [Prism]). In addition we compared bacterial hydrogen
peroxide production in wells with and without worms, to
exclude the worms as an additional source of hydrogen perox-
ide (e.g., A306 produced 0.0 � 0.0 mM and 0.0 � 0.0 mM
H2O2 at 0 h, 0.32 � 0.02 mM and 0.25 � 0.02 at 4 h, 0.74 �
0.01 mM and 0.59 � 0.02 at 6 h, and 0.94 � 0.01 mM and 1.06
� 0.37 at 8 h without and with worms, respectively [means �
SD; n � 2).

DISCUSSION

In this study we show that S. pyogenes is able to kill C. elegans
and that this killing is only mediated by hydrogen peroxide.
The following results support this conclusion. First, the killing
mechanism did not depend on infection or the action of major
S. pyogenes exotoxins. Second, nematodes were rescued from
killing by the addition of catalase. Third, streptococci can pro-
duce sufficient amounts of hydrogen peroxide to kill C. elegans,
with killing kinetics similar to those of equimolar concentra-
tions of pure hydrogen peroxide. Fourth, there is a highly
significant correlation between the killing capacity of a strain
and the amount of hydrogen peroxide it produced.

The finding that only live S. pyogenes kill C. elegans suggests
that killing depends on the novo synthesis of hydrogen perox-
ide produced by the bacteria during incubation with the nem-
atodes (25°C under aerobic conditions). In agreement with
this, supernatants taken from S. pyogenes grown under normal
37°C conditions did not kill the worms (data not shown).

Since we observed in some strains variations in C. elegans

FIG. 4. S. pyogenes exotoxins SPE-B and SLO are not involved in
the killing of C. elegans. Knockout mutants for SPE-B or SLO killed C.
elegans like the wild types in the liquid assay at 24 h. Results are
presented as means � SDs (error bars) (n � 2).

FIG. 5. C. elegans killing by hydrogen peroxide. Different concen-
trations of hydrogen peroxide, ranging from 0.1 to 5 mM, in culture
medium without bacteria, were applied to the nematodes in the liquid
assay. A dose of 1 mM hydrogen peroxide killed all nematodes within
24 h and showed killing kinetics similar to those of S. pyogenes strains
(Fig. 2). The experiment was performed in duplicate, and results are
presented as means � SD (error bars).

TABLE 2. Killing depends on bacterial hydrogen peroxide
production and can be prevented with catalasea

Strain H2O2 production�

(mM)

Mean killing (%) � SD with:

No catalase Catalase

A40 0.28 � 0.03 90.8 � 4.9 4.0 � 1.4
A153 ND 90.4 � 7.1 1.5 � 1.4
A296 0.28 � 0.03 86.3 � 8.5 7.0 � 1.4
A306 1.7 � 0.02 86.4 � 3.0 2.0 � 1.4
M1 BDL 12.8 � 2.0 2.0 � 1.4
E. faecalis BDL 3.3 � 0.9 2.5 � 0
OP50 BDL 6.5 � 0.7 6.5 � 2.1

a Killing and hydrogen peroxide production at 8 h in the liquid assay (means
� standard deviations [n � 2]). Catalase (150 U per well; Sigma), but not SOD
(e.g., killing of 100% � 0% with and without SOD at 24 h in liquid assay for
strain A296), completely prevented killing in the liquid assay (P � 0.0079).
Catalase and SOD were nontoxic for streptococci as measured by OD660 and
plating (e.g., OD660 at 16 h of 0.82 � 0.01 with and 0.79 � 0.001 without catalase
for strain M1). Results were confirmed for other S. pyogenes strains at different
time points in three independent experiments.

b Abbreviations: BDL, below detection limit (0.05 mM); ND, not done.
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killing in the solid assay, we developed the liquid assay, in
which nematodes are exposed to bacteria in culture medium.
The liquid assay has three advantages over the more-conven-
tional solid assay: it gives highly reproducible killing patterns;
it is more sensitive than the solid assay, as all tested S. pyogenes
strains killed C. elegans within 24 h; and it enables better
quantitative measurement of toxins. Reproducibility and sen-
sitivity might be increased since exposure of worms to the
bacteria is independent of irregularities in the bacterial lawn
and mobility of the worms. However, it is important to note
that irrespectively of variable killing efficiencies of strains in
the solid assay, all controls in the liquid assay (e.g., elimination
of killing with catalase or unaltered killing with SPE-B or SLO
mutants) could be confirmed with the solid assay.

In vitro and in vivo studies have shown that hydrogen per-
oxide produced by S. pyogenes and S. pneumoniae acts as a
virulence factor, by exerting direct damage to mammalian cells
or other bacteria (7, 9–11, 17). Recently it was shown that
hydrogen peroxide, besides pneumolysin, is the key virulence
factor in pneumococcal meningitis, by inducing apoptosis in
brain cells (3). Since C. elegans is a widely used model organism
for studying mammalian apoptosis (reviewed in reference 6)
and apoptosis may be involved in the worm defense response
to pathogen attack (1), it may be interesting to examine
whether apoptosis occurs in C. elegans upon challenge with S.
pyogenes and S. pneumoniae. For S. pyogenes, the main mech-
anism of cell damage during infectious and inflammatory pro-
cesses may involve a coordinated synergistic cross talk among
reactive oxygen species (i.e., hydrogen peroxide), membrane-
perforating enzymes (i.e., SLO and SLS), and proteinases (i.e.,
SPE-B) (9). Synergistic action among these different classes of
virulence factors should not play a role in the killing of C.
elegans by S. pyogenes, since blocking of membrane perforating
enzymes by cholesterol and blocking of proteinases by specific
inhibitors did not affect the killing pattern.

The different killing capacities of S. pyogenes in the solid
assay could reflect strain dependent differences in hydrogen
peroxide production. Although several studies reveal hydrogen
peroxide as an S. pyogenes virulence factor, the relationship
between the ability to produce hydrogen peroxide of S. pyo-
genes strains and their severity of infection in humans remains
unclear (19). We also could not detect such a relation for the
strains used in this study (data not shown). By testing large
numbers of clinical S. pyogenes isolates in the C. elegans model,
a possible relationship may be detected and more insight might
be gained in the role of hydrogen peroxide in S. pyogenes
pathogenesis.

Garsin et al. (8) reported killing of C. elegans by S. pneu-
moniae and E. faecalis but not by S. pyogenes on brain heart
infusion plates. At first sight their results seem to contrast with
our findings. However, killing of C. elegans by bacteria depends
on the culture media and the experimental conditions used.
We observed for example that S. pyogenes did not kill C. el-
egans on blood agar plates (probably because these plates
contain catalase) and indeed showed poor killing on brain
heart infusion agar plates (data not shown). Therefore, the
opposite killing capacities of E. faecalis and S. pyogenes ob-
served in both studies are most probably caused by different
experimental conditions and/or strain-specific differences.
Nevertheless, the production of (sub)lethal amounts of hydro-

gen peroxide may be to some extent inevitable, since all ex-
perimental set ups have to meet the aerobic conditions needed
for the nematodes.

Preliminary experiments in our laboratory also show that
killing of C. elegans by S. pneumoniae can be fully prevented by
catalase in the solid assay, the liquid assay, and the assay
described by Garsin et al. (e.g., S. pneumoniae ATCC serotype
3 killed100% � 0% without and 6.5% � 2.1% [mean � SD;
n � 2] with catalase at 24 h in the liquid assay), suggesting that
killing of C. elegans by S. pneumoniae is also mediated by
hydrogen peroxide. Since hydrogen peroxide production is a
common feature of catalase-negative bacteria under aerobic
conditions, we speculate that hydrogen peroxide-mediated kill-
ing of C. elegans may be a general mechanism by which strep-
tococci and other catalase-negative bacteria can kill C. elegans.
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